Non-agglomerated amino-functionalized mesoporous silica microspheres are synthesized by a one-pot synthesis from a parent silica material. Narrow pore size distributions in the range from 3 to 5 nm are obtained with alkyltrimethylammonium structure-directing agents. By following the pseudomorphic transformation pathway, the particle size distribution and spherical morphology of the parent silica are retained during the synthesis. The products contain accessible and uniformly distributed amino groups.
Introduction
The functionalization of mesoporous silica particles with organic moieties has received increased attention in a variety of research areas. Functional groups on the pore surface can regulate the release of molecular cargo in drug delivery applications, [1, 2] catalyze reactions, [3] or specifically adsorb target species. [4] Moieties on the external particle surface can be employed to adjust properties such as dispersibility, [5] cellular interactions, [6, 7] or biodistribution. [8, 9] Functionalization of mesoporous silica is typically achieved by postsynthetic treatment (grafting) or by direct synthesis (co-condensation). [10] Postsynthetic modification introduces the functional groups after the formation of the mesoporous silica. The distribution of the functional groups on the surface can be controlled to a certain extent, but achieving a uniform distribution over the entire pore surface tends to be difficult, as grafting occurs preferentially on the most accessible sites, i.e. on the external particle surface and on the pore surface close to the pore entrances. [11, 12] Particularly in the case of microparticles and pore radii in the size range of the molecule to be grafted, the accessibility of the pores becomes an issue, causing non-uniform distributions of surface-grafted functional moieties. [13] Co-condensation circumvents this problem by introducing the organic functionalities during the formation of the mesoporous silica framework.
However, application of the co-condensation pathway requires sufficient stability of the organic moiety under the often strongly alkaline or acidic hydrothermal synthesis conditions of the mesoporous silica.
Furthermore, high functionalization degrees result in decreasing mesoscopic order (broad pore size distributions) with an additional effect on particle size and shape. [14] [15] [16] A distinct pore diameter, a defined particle size and shape, as well as a controllable degree of functionalization are crucial parameters regarding the application of mesoporous silica in catalysis, chromatography, or drug delivery. The development of simple and robust one-pot methods that allow for a simultaneous adjustment of these parameters is challenging. An attractive method to prepare mesoporous silica with a desired particle size and shape is based on pseudomorphic transformation. [17] [18] [19] [20] 4 / 21
This concept uses pre-shaped silica particles which are gradually dissolved and simultaneously reprecipitated in the presence of a structure-directing agent (SDA), thereby preserving their initial size and shape. Each particle is thought of acting as a microreactor in which silica is dissolved and rearranged by the interaction with the SDA. The adjustment of the pore size of mesoporous silica typically involves the use of different SDAs, also in combination with swelling agents. [21] Pore size tuning by the addition of swelling agents has been successfully applied to the pseudomorphic transformation pathway. [22] The simultaneous control of particle shape and functionalization degree in one-pot reactions is problematic. In conventional co-condensation, the amount of organic precursor, often an organotrialkoxysilane, can have a substantial influence on the final shape and size of the functionalized mesoporous silica particles. [14] [15] [16] We have therefore developed a synthesis method that combines the concepts of pseudomorphic transformation and co-condensation, allowing the preparation of nonagglomerated functionalized MCM-41 type mesoporous silica microspheres.
Results and Discussion

General Concept
The general concept of the simultaneous pseudomorphic transformation and functionalization as schematically shown in Figure 1 includes the control of the pore size, while retaining the particle morphology and establishing organic functionalities on the mesopore surface. We have investigated the control of the pore size by means of different alkyltrimethylammonium SDAs and further developed this principle by adding 3-aminopropyltriethoxysilane (APTES) during the transformation, which ultimately allows the simultaneous incorporation of functional groups into the mesoporous silica framework. .
The total pore volume remains roughly the same during the transformation. When the SDA is removed by calcination instead of extraction, contraction of the mesoporous silica framework leads to slightly decreased values for the pore diameter, BET surface area, and pore volume ( Table 1 , sample S16c).
We have recently reported that the external particle surface of MCM-41 and SBA-15 type mesoporous silica can be selectively functionalized by using 3-aminopropyltris(methoxyethoxyethoxy)silane (APTMEES). [11] Subsequent coupling of a fluorescent label such as fluorescein 5-isothiocyanate (FITC) to the grafted amino groups and imaging by confocal laser scanning microscopy (CLSM) revealed the exclusive presence of the labels on the external particle surface with the pore surface remaining fully Capillary condensation in the BET region.
Particle agglomeration and broad particle size distributions are often observed in the classical synthesis of MCM-41 type materials, proving disadvantageous in applications such as chromatography, where homogeneous batches of spherical microparticles are desired. [23] [24] [25] Pseudomorphic transformation circumvents this problem by starting with a non-agglomerated silica sample. After the transformation, the particle size distribution of the parent Kromasil silica was largely retained, and no additional particle agglomeration was observed (Figure 3) . However, the products contained minor amounts of submicrometer particles with irregular morphology, indicating that nucleation of silicate species outside of the microspheres might have occurred to some degree. Additionally, a small fraction of hemispherical particles was found in the Scanning Electron Microscopy (SEM) images of the products. These fragments are most likely the result of a fast transformation leading to particle explosion. [22] Figure 3. SEM images and particle size distributions of Kromasil silica (top) and S16 (bottom).
The pseudomorphic transformation relies on the dissolution and reprecipitation of silicate species in the porous material. To avoid the formation of mesoporous silica in the surrounding solution, the process of reprecipitation needs to occur at a rate that is equal to or faster than the rate of silica dissolution.
Previous studies indicate that the final product only contains a fraction of the initial silica matter content (70 %), with the remaining fraction being dissolved during the process. [18] The question remains to what extent an interchange of silicate species between the particles occurs during the pseudomorphic
transformation. An experiment with a mixture of differently labeled starting materials (green and red labeled Kromasil silica) reveals a significant degree of interchange (Figure 4) . Interestingly, this interchange already sets in at an early stage of the synthesis, i.e. before hydrothermal treatment.
Removal of the surface-bound fluorescent labels by hydrolysis of the anchoring siloxane bonds and redistribution occurs before the formation of the primary mesopores by pseudomorphic transformation. 
Pore Size Control
The most obvious way of tuning the pore size of MCM-41 type materials is by changing the alkyl chain length of the alkyltrimethylammonium bromide SDAs. Reducing the alkyl chain by a (CH 2 ) 2 unit decreases the pore size by roughly 0.3 nm. This principle has been successfully applied to the conventional MCM-41 synthesis pathway, using tetraethyl orthosilicate, sodium silicate, or silica gel as a silica source. [26] [27] [28] [29] [30] [31] As shown in Figure 5 , adaptation to the pseudomorphic transformation of Kromasil silica yields narrow pore size distributions when using C 10 , C 12 , C 14 , and C 16 alkyl chains in alkyltrimethylammonium SDAs.
Type IV nitrogen sorption isotherms, typical for ordered mesoporous materials, were observed in all cases. The mode of SDA removal (calcination or extraction) has an influence on the properties of the products. Calcination results in a contraction of the silica framework through further condensation. This step is typically accompanied by a slight broadening of the PSD. Extraction led to exceptionally narrow PSDs. Pore sizes, BET surface areas, and pore volumes were slightly larger compared to the respective products obtained after calcination (Table 1 ). This is in agreement with earlier observations on conventionally synthesized MCM-41. [32] As we attempt to synthesize organo-functionalized mesoporous silica, extraction is the method of choice for the removal of the SDA.
From the nitrogen sorption analysis data compiled in Table 1 , the following general trends can be identified: (i) The total pore volume is largely retained after pseudomorphic transformation and extraction of the SDA, whereas the BET surface area is increased by a factor of roughly 8. 
Incorporation of Amino Groups
The pseudomorphic transformation as observed in the case of Kromasil silica entails the dissolution and reprecipitation of silica. Addition of APTES to the reaction mixture should therefore lead to the simultaneous inclusion of the aminopropyl moieties via hydrolysis of the alkoxysilyl groups, thereby producing a uniform distribution of amino groups over the entire surface area of the spherical particles.
Our experiments reveal that this is indeed the case. Figure 6 shows as an example the PSDs of the pseudomorphically transformed samples S16A(0.10) and S16A(2.00). It should be mentioned that the NLDFT silica kernel used to calculate the PSDs is not strictly valid for the amino-functionalized materials. [33] An analysis of the nitrogen adsorption isotherms by the BJH method, [34] however, showed similar differences between the samples, although the BJH method is known to underestimate the pore diameter by up to 1 nm. [26, [35] [36] [37] Average pore diameter of the primary mesopores determined by the NLDFT method; c)
Full width at half maximum of the primary mesopore size distribution; d) Broad PSD.
CLSM has previously been used to assess the distribution of functional groups on mesoporous silica. [11, [38] [39] [40] [41] CLSM images of the fluorescence-labeled amino-functionalized mesoporous silica particles feature a uniform distribution of labels throughout the particles, indicating a homogeneous distribution of accessible amino groups (Figure 6 , inset).
other than CTAB. Pore size tuning was achieved to the same extent as in the purely siliceous materials (Table 3) . Whereas the relative primary mesopore volume obtained by the pseudomorphic transformation is largely independent of the employed SDA in the case of the purely siliceous materials, the addition of APTES seems to affect the formation of the small mesopores. This is illustrated in Figure 7 by comparing samples obtained from the pseudomorphic transformation in the presence of 1 mmol of APTES per gram of Kromasil silica. Despite the comparatively large amount of APTES, the use of CTAB yields a material with predominant primary mesopores and a narrow PSD around 4.3 nm. However, with
shorter SDAs, the pseudomorphic transformation becomes gradually less effective. This is in agreement with the observation of less ordered materials produced by shorter alkyltrimethylammonium SDAs due to the difficulty of self-organization. [42] Analogous to the S16 samples shown in Figure 6 , lowering of the APTES amount in the synthesis mixture increases the degree of pseudomorphic transformation for shorter SDAs. Similar to the pseudomorphic transformation without the addition of APTES, the spherical morphology and the particle size distribution are retained during the process, although a slight deterioration of the initially smooth external particle surface can be observed (Figure 7) . Broad PSD with dominant contribution from parental pores. 
Conclusion
The synthesis of well-defined non-agglomerated mesoporous silica microspheres by pseudomorphic transformation can be combined with pore size control and co-condensation approaches. The addition of APTES to the mixture of parent silica, SDA, and aqueous alkaline solution yields a uniformly aminofunctionalized mesoporous material with a narrow pore size distribution and fully accessible pores. The particle size and morphology of the starting material are conserved during the transformation. Apart from acting as the functionalization agent, APTES can be used to control the porosity of the products over a wide range. In particular, this concerns the ratio of small uniform mesopores to larger mesopores and macropores. The combination of small mesopores (providing a large surface area) with macropores (providing access to the mesopores) is advantageous, especially in micrometer-sized particles, where an efficient mass transfer is considered an important prerequisite for the application of these materials in separation processes and catalysis.
Experimental Section
Pseudomorphic Transformation: Kromasil silica (300 Å, 5 µm, AkzoNobel) was used as the starting material for the pseudomorphic transformation, following a previously reported procedure based on hexadecyltrimethylammonium bromide (CTAB) as SDA. [43] The reactants SiO 2 :NaOH: 
Amino Group Analysis:
The amount of amino groups introduced into the mesoporous silica framework was analyzed according to a previously published method based on the fluorometric quantitation of primary amino groups with fluorescamine. [45] [46] [47] An amount of 15 mg of amino-functionalized mesoporous silica was stirred in 30 mL of 0.02 M aqueous NaOH until dissolved. A 100 µL aliquot of this solution was transferred into a cuvette (d = 1 cm) and 2 mL of phosphate buffer (0.2 M, pH 8.0) was added. After the addition of 1 mL of fluorescamine (Sigma, ≥ 98 %) solution (1 mM in acetone), the fluorescence spectrum was measured by excitation at 366 nm. The emission intensity at 480 nm was taken as the data point. A calibration line was prepared accordingly by using 100 µL aliquots of differently concentrated solutions of APTES in 30 mL of 0.02 M aqueous NaOH (containing 15 mg of S16).
Repeated analysis of the same sample gave an average relative error of 5 % (for amino contents in the range of 0.03-0.99 mmol g -1 ).
Physical Measurements: Nitrogen sorption isotherms were measured at 77 K with a Quantachrome NOVA 3000. Samples were vacuum-degassed at 80 °C for 3 h prior to the measurement. Pore size distributions and total surface areas (S BET ) were determined by NLDFT [33] and BET [48] methods, respectively. Primary mesopore volumes (V p ) were determined from the α S -plots. [49, 50] Total pore volumes (V tot ), including all pores with diameters below 80 nm, were calculated from the NLDFT analysis.
In agreement with reference 35, adsorption isotherms were used for all calculations. A Perkin-Elmer LS55 spectrofluorometer was used for the fluorescamine assays. Scanning electron microscopy (SEM) was performed with a FEI Quanta FEG 250. Particle size distributions were determined with ImageJ (Version 1.48s, National Institutes of Health, USA) by counting at least 400 particles in random fields of view of at least four SEM images. The fluorescence and CLSM setup consisted of an Olympus BX60 microscope equipped with a FluoView FV300 confocal unit and lasers operating at 488 nm and 543.5 nm.
